Objectives (1) To determine the occult rate of dural invasion in patients with tumors extending to and/or eroding the bony anterior skull base but without evidence of dural invasion on preoperative imaging. (2) To determine the impact of dural resection and of skull base erosion on survival outcomes in this group of patients (without evidence of dural invasion upon preoperative imaging). Study Design Retrospective study. Setting Tertiary care academic center. Participants Patients with sinonasal malignancies with anterior skull base encroachment/erosion without dural invasion on preoperative imaging treated surgically. Main Outcome Measures (1) Histopathologic disease in the dura in patients who had dural resection and (2) Oncologic outcomes (5-year local recurrence, dural recurrence, disease-specific survival, and overall survival) in patients with and without dural resection, and patients with and without skull base erosion. Results Thirty-seven patients were included. The occult rate of dural invasion was 54%. Patients with dural resection had improved margin control versus those without dural resection (90% vs 56%, p ¼ 0.02). Dural resection improved 5-year overall survival only in patients with esthesioneuroblastoma compared with bony skull base resection alone (100% vs 75%, p ¼ 0.03). Patients with skull base erosion had reduced local control versus those without erosion (63% vs 93%, p ¼ 0.047). Conclusion This study suggests a substantial rate of occult dural invasion despite no overt imaging findings. Dural resection may be associated with improved margin control, but no oncologic benefit except for esthesioneuroblastomas, although treatment heterogeneity and small sample size may limit conclusions.
Introduction
Sinonasal malignancies with skull base encroachment are a rare and heterogeneous group of tumors. Malignancies of this area comprise $3% of all head and neck tumors. [1] [2] [3] [4] Because of the rarity of these tumors, efforts to better understand their prognosis have generally grouped tumors into three histopathologic grades (low, intermediate, and high grade). 5 In one study, 5-year survival rates range from as low as 0% for melanomas to as high as 71% for esthesioneuroblastomas.
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Treatment of these tumors varies by institution and surgeon with surgical resection playing an important role in many centers. Surgeons must balance the risk of microscopic residual disease with the added morbidity of dural resection and the possibility of incurring a postoperative cerebrospinal fluid (CSF) leak. Advances in instrumentation, the advent of image guided technology, and endoscopic endonasal approaches 2 have led to reductions in morbidity and mortality. 7 Despite these advances, complications such as CSF leak remain a challenge. Because of the potential neurologic sequelae of this complication, the extent of resection and the need for dural resection must be justified. It has previously been shown that as many as 31% of sinonasal tumors extended to or invaded the skull base. 8 Preoperative imaging with computed tomography (CT) and/ or magnetic resonance imaging (MRI) may help predict skull base invasion, but may be associated with both false positives and false negatives with respect to occult invasion. [9] [10] [11] [12] [13] [14] [15] The principal aim of this study was to determine the occult rate of dural invasion in patients with tumors extending to and/or eroding the bony skull base but without overt dural invasion. Furthermore, we explored the prognostic implications of bony skull base erosion and of resecting dura in this group of patients. 
Methods

Patients and Treatment
Dural Resection
Twenty-one patients (57%) had dural resections. There was a higher proportion of skull base erosion in those with dural resection compared with those without dural resection (71% vs 38%, p ¼ 0.04). There were no statistically significant differences in the method of surgical approach (i.e., endoscopic or open), histopathology grades, or TNM stage between patients with dural resection and without. Compared with patients without dural resection, patients with dural resection had a lower rate of positive margins (10% vs 44%, p ¼ 0.02), and were less likely to receive adjuvant radiotherapy (14% vs 56%, p ¼ 0.007) (►Table 1). Although not statistically significant, patients with dural resection were more likely to experience surgical complications (53% vs 27%, p ¼ 0.09). There was no difference in CSF leaks in patients who had dural resections compared with those who did not (5% vs 0%, p ¼ 0.3). Complications in our cohort included CSF leaks (n ¼ 1), infection (n ¼ 6), meningitis (n ¼ 1), abscess (n ¼ 1), and pneumocephalus (n ¼ 1).
Dural Invasion
Of the 21 patients who had a dural resection, reporting on pathologic invasion of the dura was available in 13 (62%) patients. Of these, seven (54%) had dural invasion. Patients with occult dural disease were stratified according to histopathology grade, skull base erosion status, and whether or not the malignancy was an esthesioneuroblastoma (►Table 2). Of Dural Resection on Skull Base Tumors Ziai et al. 421
the 11 patients with skull base erosion, 5 (45%) had dural invasion and both (100%) of the patients without skull base erosion had occult dural invasion. Occult dural disease was more prevalent in esthesioneuroblastomas (80%) than in nonesthesioneuroblastoma (38%) malignancies (p ¼ 0.13). Fifteen (41%) patients developed recurrences. There were no statistical differences in dural recurrence patterns between patients with dural resections and those without (10% vs 19%; p ¼ 0.4). There were differences in crude local, regional, or distant recurrence rates (19% vs 25%, p ¼ 0.7; 10% vs 13%, p ¼ 0.7; 10% vs 25%, p ¼ 0.2). There were also no statistically significant differences in 5-year local control, dural/leptomeningeal control, overall survival, and disease-specific survival in the dural resection and no dural resection groups (81% vs 73%, p ¼ 0.5; 92% vs 82%, p ¼ 0.4, 86% vs 60%, p ¼ 0.6, 86% vs 68%, p ¼ 0.9) (►Fig. 1). There was, however, a significant improvement in 5-year overall survival in patients with esthesioneuroblastomas who had dural resection versus those who did not (100% vs 75%, p ¼ 0.03) (►Fig. 2). 
Skull Base Erosion
Fifty-seven percent (n ¼ 21) of patients had evidence of skull base erosion. Patients with skull base erosion were more likely to undergo dural resection compared with those without skull base erosion (71% vs 38%, p ¼ 0.04). There were no differences between crude recurrence rates (local, dural, regional, and distant) in patients who had skull base erosion compared with those without (29% vs 13%, p ¼ 0.2; 14% vs 13%, p ¼ 0.9, 5% vs 19%, p ¼ 0.2; 24% vs 6%, p ¼ 0.2). On univariable analysis, skull base erosion was associated with reduced 5-year local control compared with those without skull base erosion (63% vs 93%, p ¼ 0.047) (►Table 3). After controlling for skull base erosion and histopathologic grade on multivariable analysis, dural resection was not associated with an improvement in local control (HR ¼ 0.49, 95% CI 0.12-2.13, p ¼ 0.3). There were trends toward lower dural control, overall survival, and disease-specific survival in patients with skull base erosion compared with those without (79% vs 93%, p ¼ 0.2; 61% vs 92%, p ¼ 0.1; 69% vs 92%, p ¼ 0.2) (►Fig. 3).
Discussion
In the present study, we observed that over half of patients (54%) with sinonasal malignancies with skull base encroachment or erosion who underwent dural resection had the presence of occult dural invasion. To the best of our knowledge, this is the largest study to document the occult dural invasion rate in patients with sinonasal malignancies in the absence of imaging findings of dural involvement. Interestingly, occult dural invasion was noted in patients regardless of whether they had skull base erosion, histopathologic grade, and whether or not they had esthesioneuroblastomas. Despite these findings, in this relatively small cohort, patients without dural resection had similar oncologic control to those with dural resection who had lower need for adjuvant radiation. The comparable outcomes are likely to be confounded by the fact that, in our cohort, patients without dural resections were more likely to receive adjuvant radiotherapy. This treatment heterogeneity may confer a survival advantage and contribute to the failure to demonstrate a surgical advantage with dural resection.
Preoperative imaging is instrumental in evaluating the extent of disease, in particular, dural invasion. While preoperative imaging may help predict the extent of invasion, few reports describe the accuracy of imaging in evaluating dural invasion. These studies associate radiographic markers of dural invasion with both false positives and false negatives.
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Linear dural enhancement and nodular thickening have been shown to have a positive predictive value (PPV) of 47% and 100%, respectively.
9 One millimeter and ! 2 mm dural thickening had a PPV of 43% and 100%, respectively, while loss of hypointense zone had a PPV of 92%. 9 Similarly, a recent study found that of those individuals who had normal MRI findings (intact bony skull base) and histologic analysis of dural involvement, 75% had tumor in the dura. 13 However, this included only eight evaluable patients with normal MRI and histologic analysis of the dura of which six had histologically positive invasion into the dura. The same authors found that of those who had imaging evidence of breach of the bony skull base and contrast-enhancing tumor abutting but not involving the dura, 68% had dural involvement. In another study, of the three patients with no dural enhancement, one of them had microscopic evidence of dural invasion. 12 Our results corroborate the findings of poor sensitivity of dural invasion. The finding of occult dural invasion suggests that oncologic surgery for sinonasal malignancies encroaching or eroding the skull base should involve a dural resection. In the present study, preoperative skull base bony erosion did not seem to be a reliable predictor of dural invasion, although it was associated with more extensive surgery (i.e., dural resection), and also with poorer local control on univariable analysis. Interestingly, the absence of skull base erosion does not preclude the possibility of occult dural invasion, and, as such, patients with tumors either encroaching or eroding the skull base may require dural resection for margin control. The goals of surgical resection of sinonasal malignancies include complete resection with negative margins. The intimacy of these tumors to critical structures such as the orbit, optic apparatus, dura mater of the skull base, brain, and cavernous sinus may in certain instances compromise the resectability of these tumors. 4, 13 The use of intraoperative frozen sections to obtain clear margins and preservation of normal surrounding structures when indicated remain an essential part of surgical treatment of paranasal sinus cancers. 16 The most common failures of these tumors are locoregional, thus emphasizing the importance of complete resection and adjuvant therapy. 5, 7, [16] [17] [18] Margin status has been shown to be the most significant histopathologic predictor of all outcome parameters, including local and regional recurrences. 7, 19, 20 In the present study, we demonstrate that patients with dural resections are more likely to achieve negative margins. This finding alone may suggest that patients with sinonasal malignancies that encroach and/or erode through the skull base should have dural resection to improve histologically complete resection of malignant tumors. The rate of postoperative complications in most published series of patients undergoing sinonasal tumor resection ranges between 25% and 50%, 6, 17, [21] [22] [23] [24] [25] [26] [27] with the most important factor associated with major complications being the extent of resection. 6, 22 Major complications include CSF leak, meningitis, abscess/infection, stroke, and pneumocephalus. 6, 22 Minor complications are defined as events which did not interfere with patient's hospital stay. 22 Skull base and dural resections require reconstruction to separate the intracranial and extracranial compartments. Inadequate reconstruction may lead to CSF fistulae, meningitis, and tension pneumocephalus. [28] [29] [30] In a recent study, all postoperative CSF leaks were encountered in cases where the dura was breached intraoperatively (either intentionally or not). 13 In a previous study, the CSF leak rate in patients with dura resected was 23% compared with 6.5% in patients without dural resection. 22 As a consequence of the increased CSF leak rate, the incidence of meningitis was significantly higher in patients with dural resection versus no dural resection (23% vs 4.3%). In several published series, the prevalence of CSF leaks has been below 10%. 8, 13, [30] [31] [32] However, even in experienced centers with tumors in the anterior cranial base, the leak rate has been reported to be above 20% and this may be attributable to several factors including tumor location as well as body mass index. 33 With the anterior skull base location in particular, tumors requiring resection of the posterior wall of the frontal sinus, for example, can be particularly challenging because of the difficulty in coverage of the defect with a local flap such as the nasoseptal flap. CSF leaks could give rise to potentially life-threatening complications and in turn should not be underestimated. As such, the added morbidity of more extensive surgery must be carefully weighed in the surgical plan. For example, in patients who have skull base encroachment on imaging, but intraoperatively are noted not to have any extension to the skull base, may be treated with a more limited resection, particularly when the mucosal involvement spares the skull base and only the pedicled tumor reaches the skull base.
There were some limitations to this study. This study was a retrospective analysis and, therefore, susceptible to biases of such designs. Furthermore, the study involved a variety of histopathologies, all with unique biologic behaviors. Although there did not seem to be significant differences in the histopathologic grades, the variability of histopathology in the various groups may confound the oncologic results. 3, 6, 17, 18, 21, 34, 35 In addition, the sample size of the present study was small, thus limiting the overall power to detect oncologic differences between groups. The power was further reduced by the incomplete reporting of pathologic evidence of dural invasion in those who had dural resections completed. Furthermore, our study groups were managed heterogeneously with differences in adjuvant treatment. For example, patients without dural resection were more likely to receive adjuvant radiotherapy than those patients with dural resection. This difference between groups may bias the results in favor of the group that did not undergo dural resection. Finally, the median follow-up time of 48 months may have been inadequate to identify all recurrences, particularly in histopathologies such as esthesioneuroblastoma where delayed recurrences are well known. 36 Despite these limitations, the current study should serve as a basis for future studies that may prospectively enroll a larger number of patients to yield more robust survival estimates.
Conclusion
To the best of our knowledge, the present study is the first attempt to ascertain the significance of dural resection in sinonasal tumors with no radiologic evidence of dural invasion. The absence of dural invasion upon preoperative imaging does not rule out the presence of microscopic dural disease. Dural resection was associated with a higher rate of negative margins, but did not result in statistically significant oncologic benefit except for patients with esthesioneuroblastoma. The small sample size and treatment heterogeneity may have concealed a survival advantage. Consideration for dural resection should be given to patients with sinonasal malignancies encroaching and/or eroding the skull base.
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